This paper describes observed changes in surface winds, sea surface temperature (SST) and the volume of water warmer than 20 C (WWV) in the equatorial Paci c Ocean for the period 1980{99. The purpose is to test recent hypotheses about the relationship between variations in WWV and the El Niño/Southern Oscillation (ENSO) cycle. Our results con rm inferences based on theory, models, and previous empirical analyses using proxy data (namely sea level) that ENSO involves a recharge and discharge of WWV along the equator, and that the cyclic nature of ENSO results from a disequilibrium between zonal winds and zonal mean thermocline depth. We also nd that the magnitude of ENSO SST anomalies is directly related to the magnitude of zonal mean WWV anomalies. Furthermore, for a given change in equatorial WWV, the corresponding warm El Niño SST anomalies are larger than the corresponding cold La Niña anomalies. This asymmetry between the warm and cold phases of the ENSO cycle implies di erences in the relative importance of physical processes controlling SST during El Niño and La Niña events.
Introduction
The El Niño{Southern Oscillation (ENSO) cycle dominates interannual variability in the equatorial Paci c and has been the subject of a great deal of study over past several decades. Philander 1990 ] provides a review of many of the results of these studies; some of the more recent studies can be found in Barnett et al. 1991 ], Schneider et al. 1994 , and . Several studies have indicated that variability in the volume of warm water (WWV), and hence heat content, in the tropical Paci c is related to the El Niño{Southern Oscillation (ENSO) cycle Wyrtki, 1985; Cane and Zebiak, 1985; Zebiak, 1989; Springer et al., 1990; Jin, 1997a] . At the simplest level, warm water builds up in the equatorial Paci c prior to El Niño, and then is transported to higher latitudes during El Niño. WWV at the equator then slowly builds up again before the cycle repeats. It has been suggested, based on proxy measurements and modeling results, that this buildup of the WWV in the equatorial Paci c is a necessary precondition for the development of an El Niño Wyrtki, 1985; Cane et al., 1986] .
Recently Jin 1997a (hereafter J97)] and Jin 1997b] have produced a theoretical \recharge oscillator" paradigm to describe how changes in WWV are related to the timing of El Niño and La Niña events. In this theory the depth of the main thermocline, and hence the WWV above it, plays an important dynamical role in the oscillation of the ENSO cycle by controlling the temperature of the waters upwelled in the eastern equatorial Paci c (i.e. deeper main thermocline results in the upwelling of warmer waters and vice versa). Changes in the temperature of the upwelled waters in turn control the sea{surface temperature (SST) anomalies in the eastern equatorial Paci c, which then impact the zonal winds via changes in the patterns of deep atmospheric convection and sea{level pressure gradients. The result is a positive feedback (SST gradients create anomalous winds, winds amplify SST gradient) in either the El Niño or La Niña phases of the ENSO cycle until enough water has been discharged from or recharged into the equatorial region to end the event. Furthermore, J97 shows that this oscillator hypothesis is consistent with the \delayed oscillator" Schopf and Suarez, 1988; Suarez and Schopf, 1988; Battisti and Hirst, 1989] , which is currently viewed as a leading paradigm to explain the ENSO cycle. The essential features of the delayed oscillator, and recent proposed re nements of it (e.g. Picaut et al. 1997 ]; Weisberg and Wang 1997] Historical studies which have endeavored to quantify the recharge and discharge of warm water from the equatorial Paci c have been limited by the lack of available sub{surface temperature measurements. Wyrtki 1985] estimated changes in the main thermocline depth using widely scattered island based sea{level measurements as a proxy. Zebiak 1989] looked at the problem using a dynamical model but had limited observational data with which to con rm his results. J97 attempted to demonstrate the validity of his theoretical oscillator by using widely scattered sea{level measurements from island stations and, alternatively, using the output of the Zebiak and Cane model Zebiak and Cane, 1987] . While these and other studies (e.g. Li and Clarke 1994] and Mantua and Battisti 1994] ) have advanced the understanding of how the WWV changes during the ENSO cycle, there has as of present been no systematic test of the relevant concepts using subsurface ocean data. Also, no study to date has addressed the question of whether WWV variations during the very strong 1997{98 El Niño McPhaden, 1999] are similar to those of other events or whether they are consistent with the recharge oscillator theory of J97.
The theoretical \oscillator" proposed by J97 involves a number of testable hypotheses. Thus the purpose of this paper is to determine to what extent available sub{surface temperature observations con rm or refute this theoretical \recharge
oscillator" and what further information these observations can provide regarding the El Niño{La Niña cycle. Our study utilizes a data set of monthly gridded ocean temperatures developed using an optimal interpolation technique which incorporates hydrographic and moored temperature data over the interval 1980 to the present. These data span several large El Niño events, including the very strong 1997{98 event, and they represent the best available observational information with which to study the changes in WWV in the equatorial Paci c.
Theoretical Background
The \recharge oscillator" theory of J97 is schematically illustrated in Figure 1 . All quantities in the gure are anomalies relative to the climatological mean seasonal cycle. The mean structure involves a thermocline shoaling to the east, westward winds throughout the basin causing upwelling due to Ekman divergence, and higher SST in the western Paci c warm pool.
The oscillation proposed by J97 results from phase lags between changes in the zonally{averaged main thermocline depth and changes in the eastern Paci c SST, central Paci c zonal wind stress, and zonal thermocline tilt, the latter three being in phase with one another. In this theory the discharge (recharge) of the warm water to (from) higher latitudes is a ected by the meridional transports resulting from the anomalous eastward (westward) zonal winds near the equator. In particular, meridional transports in the ocean interior (i.e. away from the western boundary currents) are close to being in Sverdrup balance with the wind stress curl Philander, 1990] . These transports are incompletely balanced by western boundary current transports on interannual time scales (e.g. Springer et al., 1990] ), which leads to low frequency changes in the volume of warm water near the equator associated with the ENSO cycle.
The transition to El Niño (La Niña) results from the wind{driven upwelling of warmer (colder) waters due to the deeper (shallower) than normal main thermocline.
Because the climatological thermocline is deeper in the western than in the eastern Paci c, changes in the temperature of upwelled water are smaller in the west than in the east. These E{W contrasts lead to changes in the zonal gradient of SST and in zonal wind stress. The oscillatory nature of ENSO in this scenario results from the disequilibrium between equatorial zonal winds and zonal mean thermocline depth, the latter of which is associated with meridionally converging and diverging Sverdrup transports.
J97 documented aspects of these variations using observations. However, the ocean data available to him was limited to SST and scattered island sea{level measurements.
The data sets used in this study are better suited to testing the hypothesized relationships.
Data and Methods
The gridded sub{surface temperature data set prepared by Neville Smith's group at the Australian Bureau of Meteorology Research Centre (BMRC) provides sub{surface temperature at 14 depth levels between the surface and 500 m on a 1 latitude by 2 longitude grid at monthly intervals. It was created by an optimal interpolation technique which combined hydrographic measurements with moored temperature measurements from the Tropical Atmosphere and Ocean (TAO) Array McPhaden et al., 1998 ]. The development and preparation of the BMRC data set are discussed in Smith et al. 1991 ],
Smith 1991], Meyers et al. 1991 ], Smith 1995a ,1995b . The time series spans 1980 to the present. The depth of the main thermocline is estimated using the depth of the 20 C isotherm, Z 20 , which is found in the middle of the main thermocline throughout the region Kessler, 1990] . Z 20 is determined by interpolation of the gridded sub{surface temperatures.
Two other measured quantities are used in this study, sea{surface temperature (SST) and zonal wind stress ( x ). The SST data used in this study come from Smith 1994, 1995] . The gridded SST values represent a blending of satellite{based and in situ SST measurements on a 1 latitude by 1 longitude grid at a weekly time{interval. The x used here are derived from the Florida State University (FSU) pseudo{stress elds which are gridded on a 2 latitude by 2 longitude grid at a monthly time{interval Stricherz et al., 1992; Stricherz et al., 1997] . The gridded winds represent a blending of ship measurements and data from moored buoys such as the aforementioned TAO array. Pseudostress was converted to stress using a constant air density of 1.2 kg m ?3 and a constant drag coe cient of 1:4 10 ?3 .
Anomaly time series (Z 20 , x , SST) shown in this paper have had the mean seasonal cycle removed. They have also been ltered with a 5{month running{mean to emphasize interannual variability.
Results
The mean ( stress averaged over the same area (near top) and the SST in the NINO3 region (top).
The NINO3 region is de ned as 150 W{90 W, 5 S{5 N and the SST in this region is a commonly used indicator for the ENSO cycle Trenberth, 1997] . The zonal winds show the expected westerly anomalies coincident with the warm NINO3 SST events (warm SST occurring in 1982{83, 1986{87, 1991{92, 1993 . The rate of change of WWV is strongly correlated (in a negative sense) with the NINO3 SST.
It can also be noted that extrema in WWV precede extrema in NINO3 SST by several months. Correlation analysis indicates that the peak correlation (r = 0:70) occurs with SST lagging WWV by seven months (Figure 5 ). This analysis was repeated Figure 5 replacing WWV with the total warm water volume west of 155W, V W , which is a test of Wyrtki's 1975b] hypothesis that heat content build up in the western Paci c is precursor to ENSO. We note that V W is signi cantly correlated with NINO3 SST at a longer lead than is WWV (Fig. 5) , which is to be expected given the progression of events illustrated in Fig. 1 . However, the maximum cross{correlation between time series of V W and NINO3 SST (r = 0:57) is lower than that for WWV and NINO3 SST (r = 0:70), implying that WWV is a more reliable predictor of NINO3 SST. The reduction in correlation at longer leads re ects the irregularity of the ENSO cycle, which is possibly due to nonlinear chaotic tendencies and/or stochastic forcing in the system Jin, 1997a] . In addition to these phase relationships, our analysis also indicates that there is a direct relationship between the magnitude of WWV changes along the equator, and the magnitude of subsequent SST anomalies in the NINO3 region. This is illustrated in Figure 7 , in which seasonal averages of these two quantities are regressed against one Figure 7 another. The time mean has been removed from each time series and the NINO3 SST record has been shifted backwards seven months to maximize the cross{correlation. It is apparent that, in general, the larger magnitude anomalies of WWV along the equator correspond to larger SST anomalies. There is an interesting asymmetry, however, in this relationship. For a given magnitude of WWV anomaly, positive values are associated with subsequent warm El Niño SST anomalies, while negative values are associated with subsequent cold La Niña SST anomalies that are not as large as their warm counterparts. The slope of the regression curve is a factor of 3{4 larger on the positive side, and the di erence is statistically signi cant at the 95% con dence level. A comparison was made for V W and SST as well, in which we found similar di erences in slope for the positive and negative V W anomalies. Such asymmetries were not predicted by J97, and they warrant further investigation.
Summary
This study utilized gridded data sets of subsurface temperature, SST, and zonal winds to test how well the \recharge oscillator" proposed by J97 agreed with observations over the time interval 1980{99. The variation in the depth of the 20 C isotherm, Z20, was observed to consist of two main modes which can be characterized as an \east{west tilting" mode and an \equatorial discharge{recharge" mode. The NINO3
SST, zonal winds, and the \tilting" mode are all nearly in phase with one another, while the \recharge" mode leads the \tilting" mode, zonal winds, and SST by about 7 months on average. The character of the ENSO cycle observed during 1980{99, especially the warm events with large WWV expressions in 1982{83, 1986{87, and 1997{98, is consistent with the recharge oscillator as postulated in J97.
We found that the amplitudes of WWV anomalies are linearly related to the amplitudes of the NINO3 SST anomalies, with larger anomalies in WWV preceding larger anomalies in SST. However, for a given magnitude of WWV anomaly, positive values are associated with larger magnitude SST anomalies than negative values. This asymmetry implies di erences in the relative importance of physical processes controlling SST during El Niño and La Niña events. It may be, for example, that air{sea uxes, which are a negative feedback on SST anomaly growth in the equatorial cold tongue Wang and McPhaden, 1999] , are more e ective at heating the ocean during cold phases of ENSO than they are at cooling the ocean during warm phases of ENSO. Alternately, the ability of upwelling and vertical mixing to cool the surface may saturate at some threshold beyond which further thermocline shoaling does not lead to further SST cooling. In any case, more study is needed to determine the limiting mechanisms for SST anomalies during La Niña versus El Niño events.
Our study con rms that warm water volume changes in the western Paci c Wyrtki, 1975a] and zonally averaged along the equator Wyrtki, 1985; Cane et al., 1986 ] are useful predictors of ENSO time scale SST variations. The physical mechanisms responsible for these warm water changes involve wind forced equatorial wave processes as described by the delayed oscillator. Clearly, ocean models used for predicting ENSO variations should reproduce these changes. Furthermore, because measurements of upper ocean thermal structure are now routinely available from the TAO array and from regular XBT sections, models that assimilate these data can expect to see improvements in forecast skill for ENSO events (e.g., Ji et al., 1997] ). Changes in western Paci c warm water volume (V W ) precede basin{wide WWV changes, however they are less well correlated with subsequent NINO3 SSTs. This implies a reduction in predictability at longer lead times which re ects the irregularity of the ENSO cycle.
Description of the actual pathways by which the warm water moves between the tropics and the higher latitudes are beyond the scope of this paper. A subsequent article will present a warm water volume balance for the equatorial Paci c and will discuss the mechanisms for warm water volume changes during 1993{99, when observations are the most plentiful Meinen and McPhaden, 1999] . This study has provided the rst step, however, by quantifying how the volume of warm water greater than 20 C changes on interannual time scales. 
